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FOREWORD 
This f i n a l  r epo r t  summarizes the r e s u l t s  o f  the ove ra l l  performance o f  
Contract No. NAS8-28723. This e f f o r t  was performed by personnel i n  the 
Mater ia ls  Section, Physical  Sciences Group and the Engineering Sciences 
Sectfon f o r  NASA-Marshall Space F l i g h t  Center. 
The work was performed under the d i r e c t i o n  o f  M r .  E.A. Hasemeyer o f  
NASA-MSFC, S+E-PE-MW. 
Arthur D httl; Inc 
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ABSTRACT 
P. research program was conducted t o  study the so l  i d i f i c a t i o n  o f  metals 
i n  the form o f  small spheres both i n  the one g r a v i t y  environment o f  t he  
ea r th  labora to ry  and the low g r a v i t y  environment o f  KC-135 t r a j e c t o r y  
f l i g h t s  and the  Skylab 112 mission. Tne program had th ree  phases. 
PHASE A - A p lan  bras formulated f o r  ground-based s tud ies.  Th is  inc luded  
se lec t i on  o f  p o t e n t i a l  metals and a1 l oys  , c r i t i c a l  eva lua t ion  
of  the experimental design and procedures t o  p o i n t  o u t  areas 
requi  r i n g  f u r t h e r  ref inement as we1 1 as t heo re t i ca l  analyses, 
and se lec t i on  o f  the sphere cha rac te r i za t i on  procedures t o  be 
u t i  1  i zed and evaluated i n  the ground-based s tud ies.  
PHASE 5 - Specimens o f  a  number o f  a l l o y s  were melted i n  KC-135 t r a j e c -  
t o r y  f l  i ght  and ground-based experiments. These were charac- 
t e r i z e d  t o  serve as a bas is  f o r  the  f i n a l  s e l e c t i o n  o f  metals 
and a l l o y s  f o r  t he  Skylab 112 mission. During me1 t i n g  o f  t he  
ground-based specimens, thermal measurements were made and t h e  
data analyzed t o  prov ide in fo rmat ion  as t o  the  thermal cyc les 
experienced by the var ious a1 loys  . 
PHASE C - S i x  f l i g h t  specimens were character ized. Ar thur  D. L i t t l e ,  Inc., 
prepared a sumnary r e p o r t  on t he  pure n i c k e l  specimens, based 
on observat ions on two specimens evaluated by A r thu r  D. L i t t l e  
and four pure n i c k e l  specimens evaluated by o the r  M553 cont rac-  
to rs .  These wepe compared t o  t he  ground-based samples prepared 
i n  Phase 0 .  Grav i ty  e f f e c t s  were noted f o r  t h i s  n a t e r i a l s .  
The r e s u l t s  o f  the  eva lua t ion  o f  the  o the r  three samples ( n i c k e l  
a1 l o y s )  were comnuni cated t o  the  appropr ia te  con t rac t c r s  f o r  
preparat ion o f  t h e i r  Phase C summary repor ts .  In fo rmat ion  was 
a1 so communicated t o  the var ious con t rac to rs  responsib le  f o r  
p repar i  n3 d i s c i p l i n e  repor ts  f o r  a1 1 of the  mater i  a1 s  processing 
experiments performed on the Skylab 112 mission. 
Arthur D httle, Inc 
The details of the results of this prograK are contained i n  interim re- 
ports prepared a t  the conclusion of each of the three phases. This final 
report i s  intended to summarize the effor ts  and results described in 
detail in each of these interim reports, w i t h  particular emphasis on the 
differences observed between the ground-based and Sky1 ab f l ight  specimens. 
Arthur D Lttle. lnc 
The apparatus f o r  the M533 sphere forming experiment consisted o f  two 
15-specimen indexing pinwheel s mounted perpendicular t o  an e lec t ron  beam 
heat source. The specimens were c y l i n d r i c a l  w i t h  beveled edges, dimen- 
sioned so tha t  when me1 ted and resol  i d i f i e d ,  they would r e s u l t  i n  spheres 
0.535 cm (0.250 inch) i n  diameter if f u l l y  dense. The f i r s t  specimen on 
each wheel was a tungsten cy l inder  used t o  ad jus t  the e iec t ron  beam posi-  
t i o n  and parameters. The subsequent 14 specimens were then ro ta ted  i n t o  
pos i t i on  i n  t u rn  and me1 ted by the e lect ron beam. The f i r s t  three peci-  
mens were mounted on la rge  diameter supports (s t ings)  such t h a t  they 
would me1 t and s o l i d i f y  bu t  be reta ined on the s t ing .  The f i n a l  eleven 
specimens were mounted on aluminum oxide pedestal devices and spr ing 
loaded so tha t  the specimens were detached upon me1 t i n g  of small diameter 
st ings. These would then cool and s o l i d i f y  wh i le  f l o a t i n g  i n  the work 
chamber. 
The object ives o f  the M553 sphere forming experiment were t o  evaluate 
s o l i d i f i c a t i o n  behavior o f  metals and metal a l l oys  i n  the absence o f  
containers which could a c t  as s i t e s  f o r  heterogeneous nucleat ion; i n  
the absence o f  gravi  ty-induced f l u i d  f low, e i t h e r  thermal o r  const i  tu -  
t iona l ;  and under condit ions i n  which surface tension i s  the remaining 
primary d r i v i n g  force f o r  f l u i d  f low. I dea l l y ,  i t  das an t ic ipa ted  t h a t  
s o l i d i f i c a t i o n  phenomena might be studied under condi t ions i n  which the 
specimens nucleated homogeneously and i n  which f l u i d  f low and segregation 
due t o  g rav i t y  might be minimized. 
Arthur D Little, irm 
I I. PHASE A - GROUND-BASED STUDY PLANS 
A. SUMMARY 
The e f f o r t s  and r e s u l t s  o f  h i s  p o r t i o n  o f  the  program are d e t a i l e d  i n  
the Phase A  I n t e r i m  Report. h )  
A  ser ies  o f  metals and a l l o y s  which would prov ide a  bas is  f o r  se lec t i on  
of  optimum mater ia ls  f o r  the  Skylab miss ion were proposzd f o r  study i n  
ground-based experiments. A  number of mee'ings were he1 d  wi t h  personnel 
from NASA-MSFC and the  var ious o ther  con t rac to rs  i nvo l ved  i n  the M553 
program t o  def ine those aspects o f  t he  f l i g h t  experiment which requ i red  
f u r t he r  experimental o r  t heo re t i ca l  ground-based study t o  opt imize the 
expected f l i g h t  r esu l t s .  A l i s t  o f  those c h a r a c t e r i s t i c s  o f  the  spheres 
expected t o  r equ i re  eva lua t ion  was prepared, along w i t h  the most promis- 
i n g  techniques f o r  making those eval  u a t i o r ~ s  .
B. SELECTION OF CANDIDATE MATERIALS 
I ron ,  n i c k e l  and cobal t-base a1 l o y s  have been undercooled by as much as 
300°C i n  the ground labora to ry .  The se lected systems, l i s t e d  below, 
were intended t o  permi t  t h r  i n v e s t i g a t i o n  o f  many o f  t he  f ac to r s  t h a t  
a f f e c t  the way the s o l i d i f i c a t i o n  process occurs. A l l  have s i m i l a r  
thermal propoer t ies ,  simp1 i f y i  ng the  experimental requirements. 
1. High P u r i t y  N icke l  - This  i s  represen ta t i ve  o f  unal loyed metals 
hav ing a  s i n g l e  ( i n v a r i a n t )  me1 t i n g  p o i n t .  Cons t i t u t i ona l  
e f f e c t s  dur ing  s o l i d i f i c a t i o n  are ~ i n i m i z e d  t o  the  ex ten t  
t h a t  the n i c k e l  i s  pure. It has we l l  known thermal, magnetic, 
mechanical and s t r u c t u r a l  p roper t ies .  The problem of a  sur- 
face oxide l a y e r  which might  a c t  as a  nuc lea t i ng  s i t e  i s  
minimal. I t s  me1 t i n g  p o i n t  (as f o r  the  o the r  ma te r i a l s  se lected)  
i s  low enough (1455°C) t o  permi t  e f f i c i e n t  m e l t i n g  i n  the M553 
apparatus, y e t  h i gh  enough t o  ge t  r a p i d  s o l i d i f i c a t i o n  and thus 
minimize problems of contact  o f  f r e e  f l o a t  samples w i t h  the 
chamber w a l l s  p r i o r  t o  so l  i d i  f i  ca t ion .  
2. N icke l  - 1  w/o S i l v e r  - This  i s  represen ta t i ve  o f  a l l o y s  having 
a  narrow m e l t i n g  range (-5°C) and which core upon s o l i d i f i c a t i o n ,  
- .  
p e r m i t t i n g  re1 a t i  ve l y  s imple s t r u c t u r a l  ana lys is  f o r  comparison 
w i t h  the pure n i cke l .  The dens i t i es  o f  the  two elements are 
n o t  g r e a t l y  d i f f e r e n t .  
3. N icke l  - 5  w/o Aluminum - This  i s  a  companion t o  the  n i c k e l -  
1 W/O s i l v e r  a l l o y  i n  t h a t  i t  a lso  has a  narrow m e l t i n g  range 
(-1o0c),  b u t  t he  two elements have a  l a rge  dens i ty  d i f f e rence  
i n  t he  melt ,  pe rm i t t i ng  eva lua t ion  o f  convect ion e f f e c t s  i n  
the me1 t by comparison w i t h  the a l l o y s  which do n o t  have t h i s  
dens i t y  d i  f ference. 
Arthur D Little, Inc 
4. Nickel 30 wlo Co e r  - This a l l o y  has a f a i r l y  wide mel t ing  
'-&st no di f ference i n  dens i t ies  o f  the two 
elements. I t  i s  a continuous s o l i d  so lu t i on  i n  the s o l i d  s ta te .  
5. Nickel - 12 w/o T in  - This a l l o y  has a very wide (-250°C) 
me1 t i n g  r a n g e b u t e r y  1 i t t l e  d i  fference i n  densi ty  between 
the two elements. 
6. Comnercial Al loys - One o f  the o r i g i n a l  object ives o f  the  M553 
mater ia ls  processing experiment was t o  produce spheres having 
a very high a s - s o l i d i f i e d  hardness. Twa mater ia ls  were considered: 
a) a complex cobal t-base a l loys ,  S tar  J, a p ropr ie ta ry  
a l l o y  o f  the S t e l l i t e  D iv i s ion  o f  Cabot Corp., and 
b) 350T maraging s tee l .  
These mater ia ls  would a1 low inves t i ga t i on  of s o l i d i f i c a t i o n  o f  systems 
which : 
1 . l n c l  ude metals which have invar ian t ,  narrow and wide me1 t i n g  
ranges, w i t h  a 1 iquidus temperature between about 1245OC and 
1455OC, simp1 i fy ing  the experimental procedure. 
2. Include a pure metal and a l l oys  which have both l a rge  and 
small densi ty  d i f ferences between the cons ti tuents . 
3. Would a l low inves t i ga t i on  o f  the e f f e c t s  o f  low g r a v i t y  on 
magneti c proper t ies.  
C, EXPERIMENTAL DESIGN 
I n  Phase A, ca lcu la t ions  were made re1 a t i v e  t o  the  source and magnitude 
o f  the expected forces on the spheres dur ing the experimental cycle. 
These are surmnarized i n  Table I. I n  addi t ion,  i t  was concluded t h a t  
i t  was desirable t o  conduct pre l iminary temperature measurements i n  
ground-based tes ts  t o  determine optimum heat ing parameters fo r  the speci - 
mens, and t o  determine i f  a color-temperature cal i b ra ted  f i l m  o r  ~ t h e r  
su i  tab1 e techniques cod1 d be incorporated i n t o  the M553 experiment w i t h  
no s i g n i f i c a n t  hardware changes. These e f f o r t s  were conducted dur ing 
the Phase B po r t i on  of t h i s  program and are summarized i n  the Phase 0 
sect ion o f  t h i s  f i n a l  repor t .  
D. SPECIMEN EVALUATION 
For the purposes of assessing the d i f ferences between ground-based and 
f l i g h t  specimens, the specimen charac ter is t i cs  1 i s t e d  i n  Table I 1  were 
proposed. The techniques u t i  1 i zed  are de ta i l ed  i n  the i n t e r i m  repor ts .  
Some evaluat ions were the r e s p o n s i b i l i t y  o f  NASA-MSFC and others o f  
Arthur 0. L i t t l e ,  Inc., and are so ind ica ted  i n  Table 11. A c r i t i c a l  
evaluat ion o f  the u t i  I i t y  and s e n s i t i v i t y  of the various charac ter iza t ion  












GRAD I E NT 
FORCES ON SPECIMENS AND THEIR EFFECT 
c
FORCE DURATION VELOCITY* IMPACT TIME ('&Kg pEz5ia] lGiEg (Seconds ) 
4.6 0.1 0.4 57 
0.01-0.1 Ent ire 0.02-.2 60-20 
lo -"  < 2 .002 >60 
? Short 5? 5? 
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TABLE I 1  
SPECIMEN EVALUATION 
Visual  Examination - Photography (ADL and MSFC) 
I n t e r n a l  Q u a l i t y  (Macrovoids) - Radiography (MSFC) 
Pre fe r red  Or i en ta t i on  by Laue X-ray Mapping (ADL) 
Magnetic Proper t ies  (MSFC) 
Sphe r i c i t y  (ADL and MSFC) 
Densi ty (ADL and MSFC) 
Topography - SEM (ADL and MSFC) 
Surface Topography a f t e r  L i s h t  Etch (ADL) 
I n t e r n a l  S t ruc tu re  - Metal lography (ADL) 
a. M i  crosegregat ion 
b. Macrosegregation 
c. Dendri te Arm Spacing 
d. Second phase D i s t r i b u t i o n  and I d e n t i f i c a t i o n  
e. Grain Size and Morphology 
M i  crohardness (ADL) 
M i  crochemi ca l  Analysis and Survey (ADL) 
Bul k Chemistry (ADL) 
Arthur D L~!:le, Inc 
procedures and techniques are described i n  d e t a i l  i n  the F" :%ie Ij u, 
Phase C I n t e r i m  Reports submitted by Ar thur  D. L i t t l e ,  I nc  :2 ,3 .  C v . - ~ n -  
t a r y  on the u t i l i t y  o f  se lected evaluat ions and cha rac te r i za t i on  tech- 
niques are summarized a t  the  conclusion o f  the sec t ion  dea l ing  w i t h  
Phase C o f  t h i s  f i n a l  repor t .  Not a l l  o f  the suggested e v a l u a t i ~ n s  were 
a c t u a l l y  employed on the sa. ~ l e s .  
I I I. PilASE B - GROUND-BASED EXPERIMENTS 
A. SUMMARY 
The e f f o r t s  and r e s u l t s  o f  t h i s  p o r t i o n  o f  the program are  d e t a i l e d  i n  
the I n t e r i m  Reports on eva lua t ion  o f  specimens procP sed i n  KC-135 t r a -  
j e c t o r y  f l i g h t s  and t he  M512 apparatus a t  NASA-MSFC.?2 94) 
Various metals and a1 l oys  which had been me1 t e d  i n  the  e a r t h  1 aboratory  
and on KC-135 t r a j e c t o r y  f l i g h t s  were eva luated i n  o rder  t o  s e l e c t  and 
r e f i n e  the cha rac te r i za t i on  techniques and t he  choice o f  a l l o y s  f o r  t he  
Sky1 ab mission, The ground-based samples served as comparisons f o r  those 
me1 ted  i n  low g r a v i t y .  Thermal measurements and ca l cu l a t i ons  were made 
t o  p r e d i c t  the  expected hea t ing  and c o o l i n g  cyc les o f  the  specimens under 
var ious condi t ions.  
5. SELECTION OF MATERIALS FOR THE FLIGHT EXPERIMENTS 
On the basis o f  KC-1 35 t r a j e c t o r y  f l  i g h t s  and ground-based experiments, 
the metal and metal-a1 l o y  systems se lected i n  concwrence w i t h  NASA-MSFC 
and the o ther   contractor*^ associated i t h  the  M553 experiments were: 
1)  pure n i c k e l  
2 )  n i c k e l  - 1 w/o s i l v e r  
3) n i c k e l  - 12 w/o t i n  
4) n i c k e l  - 30 w/o copper 
The n i cke l  - 5 w/o aluminum a l l o y  proved t o  be unacceptable due t o  ex- 
cessive vapor i za t ion  o f  aluminum. Th2 a l l o y s  which were in tended t o  
have h igh hardness i n  the as-cast cond i t i on  ( S t e l l  i t e  "S ta r  J" and 350T 
maraging s t e e l )  proved t o  be extremely complex systems f o r  which so l  i d i -  
f i c a t i o n  phenomena were extremely d i  f f i c u l  t t o  i n t e r p r e t  i n  the con tex t  
o f  the d i  f ferences between one g rav i  t y  and low g r a v i t y  so l  i d i  f i c a t i o n .  
C. EXPERIMEN'TAL DESIGN - TEMPERATURE MEASUREMENTS 
1. I n t r o d u c t i o n  and Techniques 
Several se r ies  o f  ground-based experiments f o r  t he  M553 Sphere Forming 
Experiment were conducted t o  demonstrate the opera t ion  o f  the  exper i -  
ment's hardware t o  ob ta i n  data f o r  the re f inement  o f  the f l i g h t  exper i -  
ments and t o  ob ta i n  specimens which could  be used as comparisons f o r  
specimens processed i n  space. Theore t i ca l  s t ud ies  by several  i n v e s t i  - 
gators  suggested t h a t  i t  would be des i rab le  t o  know the  temperature 
d i s t r i b u t i o n  o f  the  specimens dur ing  and a f t e r  the  me1 t i n g  process. 
These data were usefu l  i n  determining vapc:itat ion losses, es t ima t i ng  
surface tens ion e f f e c t s  and understanding the  re lease and movement o f  
the specimens. 
The ob jec t i ves  o f  t h i s  work were t o  o b t a i n  an i n d i c a t i o n  o f  maximum and 
average sur face temperature o f  +.tie var ious M553 experiment specimens 
dur ing  the me1 t i n g  prnocess and t o  determine the i n i t i a l  coo l i ng  r a tes  9 f  
the specimens when the e l e c t r o n  beam was turned o f f .  The temperature 
measurements were o f  serondary importance t o  the  p repara t ion  o f  ground- 
based specimens and h a  t o  be conducted on a non - i n t e r f e r i ng  bas is .  
Thus, optimum temperature measurement techniques could  no t  be used; r a t h e r  
they were more o f  an expedient and exp lo ra to r y  nature.  
The M553 experiment was se t  up i n  the M512 f a c i l i t y  i n  a manner s i m i l a r  
t o  t h a t  used i n  prev ious ground-based t e s t s .  The f a c i l i t y  and specimens 
dup l i ca ted  most o f  the cond i t i ons  o f  t he  f l i g h t  experiment; a p r i n c i p a l  
d i f f e rence  was the  v e r t i c a l  o r i e n t a t i o n  o f  t he  specimens i n  the ground- 
based experiment. This permit 'ea the  " re leased specimens" t o  rema-in on 
the ceramic support a f t e r  me l t i ng  occurred, r a t h e r  than having them re -  
lease and f a l l  under t he  a c t i o n  o f  g r a v i t y .  
The me l t i ng  procedure was s i m i l a r  t o  t n a t  a n t i c i p a t e d  i n  :$e f l i g h t  ex- 
periments; however, the chamber was opened t o  p e m i  t c leaning o f  the  view- 
i n g  window a f t e r  groups o f  f o u r  o r  f i v e  samples had teen me1 ted  i n  sequence. 
Cleaning was necessary because o f  vapor1 za t i on  o f  t$e  specimens du r i ng  
me1 t i n g  and aeposi t i o n  o f  a condensed f i l m  on the i n t e r i o r  o f  t h e  v iewing 
window, The f i l m  made i t  d i f f i c u l t  t o  view and photograph t he  specinens 
and, as dec .ri bed 1 a te r ,  t o  ob ta i n  accurate temperature measurements. 
Specimens were c o l l e c t e d  when the chamber was opened and when t e s t s  on 
the f i r s t  pinwheel were completed. A second dup l i ca te  pinwheel was i n -  
s t a l l e d  and the above sequence was repeated. 
Temperature measurements were made w i t h  a Micro-Opt ica l  pyrometer. The 
pyrometer was placed h o r i z o n t a l l y  a t  a d is tance o f  approximately 24 inches 
from the specimen; a r e a r  sur face m i r r o r  was used t o  d e f l e c t  the  v iewing 
beam onto the  t op  o f  t h e  specimen. The pyrometer was focused on the 
cen te r  top  o f  the specimen, a t  approximately 90' t o  the impingement o f  
e l ec t r on  beam. The f i l amen t  o f  the o p t i c a l  pyrometer lamp was super- 
imposed cn the cen te r  t h i r d  o f  t he  specimen. Thus, the  temperature t h a t  
was measured can be bes t  descr ibed as an "averagc sur face temperature of 
the  top  p ~ r t i o n  o f  the  specimen." As each specimen was me1 ted, at tempts 
were made t o  ob ta i n  a measurement o f  the maximum upper sur face temperature 
o f  the me1 t ed  specimen. Manual op . ica l  pyrometer measurements were made 
by matching the  pyrometer f i l amen t  b r igh tness  ( c o l o r )  w i t h  t h a t  o f  t he  
specimen. This was done by s e t t i n g  the  pyrometer f i l ament  temperature 
(b r igh tness)  a t  a value near t be  expected m e l t i n g  temperature f o r  each 
specimen, and r a p i d l y  ad jus t i ng  the f i l - v e n t  b r igh tness  t o  achieve a 
c o l o r  match i n  t h e  one t o  two second p e r i o d  i n  which t he  specimen was 
me1 ted. A f t e r  t h i s  temperature was recorded, the  pyrometer f i l ament  
temperature (b r igh tness)  was readjusted t o  i n d i c a t e  100 t o  200°C lower  
than the  high^ ; tert~perature observed and the t ime requ i red  f o r  t he  
specimen t o  cuol  t o  t h i s  temperature was determined. Thus, an i n d i c a t i o n  
bf  the coo l i ng  r a t e  was obtained. 
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Tem~erature measurements f o r  each specimen were made i n  t h i s  manner; 
however, due t o  the condensation o f  f i lms  on the chamber wfndow and the 
rapid temperature changes during the me1 t i n g  and cool ing processes, the 
measurements could no t  be made eas i l y  and r e l i a b l y ,  and f o r  some speci- 
mens we were unable t o  achieve adequate co lo r  matches and good temperature 
measurements. 
The presence o f  the chamber window, external v i r r o r ,  and the condensed 
f i l m  on the chamber window were sources o f  measurement e r r o r  a,~d requi red 
tha t  a special  ca l  i bra t i on  procedure be adopted during the meat urements. 
A discussion o f  these c a l i b r a t i o n  procedures i s  necessary ,o a L & t e r  
understanding of the resu l t s  and possible e r rors  i n  mea u ement, and i s  
d : t a i l ed  i n  the Phase 8 I n te r im  Report i n  t h i s  program. by 
The er rors  inherent  i n  the fi~easurements are: 
E~~ r o  = e r r o r  i n  pyrometer instrument temperature measurement 
E w i  ndow = e r r o r  caused by op t i ca l  absorption of the window 
Emi  rrw = e r r o r  caused by incomplete r e f l e c t i o n  and absorption 
o f  the m i r ro r  
Efi l m  = e r r o r  caused by absorption o f  the f i l m  on the window 
Eemittance = e r r o r  caused by emittance o f  melted specimen being 
d i f f e r e n t  from u n i t y  
To sumnarize the method and c a l i b r a t i o n  used, the maximum average upper 
surface temperature o f  the specimens was measured as they were melted, 
and correct ions were added f o r  windcw f i l m  e r ro r ,  window/mirror e r ro r ,  
and pyrometer instrument e r r o r  t o  obta in the best estimate o f  the speci- 
men temperature. The uncer ta inty  i n  the specimen temperature i s  estimated 
t o  be as much as 100°C and i s  attr:butab!e p r i m a r i l y  t o  the uncer ta inty  
i n  the amount of f i l m  present cn the viei;ing window dur ing the measurement 
o f  each specimen. I n  addit ion, the measurements may be biased by 50 t o  
100°C on the low side because o f  sample e~ni t tance effects. 
2. Results and Discussion 
a. Qua1 i t a t i  ve Visual Measurements 
Notes were taken during the mel t ing o f  most o f  the specimens; the fo1;ow- 
i ng  general remarks summarize our observations. 
The specimen temperatures seemed t o  be much higher (several hundred 
degrees by v isual  estimate) near the impingement o f  the e lec t ron  b2am 
than a t  other  points  on the specimen. I t  was n ~ t  possible t o  measure 
, Q these otber  temperatures w i th  the op t i ca l  pyrometer because of the high ."-. 
< 
-: 1 * !i
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1 ocal i zed brightness. These ho t  temperature zones seemed t o  decrease 
very rap id l y  w i th  distance from the impingement area so t h a t  most o f  t he  
specimen came t o  a more uniform temperature ( t o  w i t h i n  about 100-150°C) 
as the specir~len became molten. For some samples, me1 t i n g  was observed 
t o  occur l o c a l l y  near the impingement o f  the e lec t ron  beam, and then 
proceed across the specimen, w i t h  a we1 1 -defined temperature gradient  
between the molten and unmel ted  zones. A f te r  the e lec t ron  beam was 
turned o f f ,  the temperature o f  the molten specimen appearsd t o  equal ize 
rapid ly ,  so tha t  when surface sol  i d i  f i c a t i o n  began t o  occur, temperature 
gradients were n o t  very large.  Specimens which remained on the st ings 
were observed t o  cool more qu ick ly  than others; specimens which rested 
on the ceramic support cooled s lowly and had a near ly  uniform ter,,perature 
d i s t r i b u t i o n  throughout dur ing the 1 a t t e r  stages of 0 0 1  ing .  Except a t  
the l oca t i on  o f  e lect ron beam impingement, superheating of the specimens 
was n o t  very great, perhaps 50-100°C above the me1 t i n g  po in t .  
b. Quan t i t a t i ve  Temperature Yeasurements 
Specimen "Average" Temperatures 
Table I11 presents the "average" specimen temperatures measured 
as soon as possible a f t e r  t u r n o f f  o f  the e lec t ron  beam. The 
values given include the correct ions f o r  a l l  the e r ro rs  other  
than the specimen emittance e r ro r .  
Cooling Rates 
Average cool ing ra tes  were measured f o r  the ma jo r i t y  o f  the 
specimens. The values obtained should be subject  t o  smal ler 
e r ro rs  than the absolute measurements because some o f  the 
er rors  (window, pyrometer and emittance) tend t o  cancel; 
t h a t  i s ,  
( '1 -E(2) ) )  ( E f i l m  f i l m  
Errors caused by window fogging may not  cancel because o f  the vaporiza- 
t i o n  and coat ing o f  the  windows during measurerl,?nts. The coo l ing  ra tes  
indicated on Table I V  represent an average cool ing rate,  i .e., measure- 
ments were made of the t ime required f o r  a sample t o  cool from some tem- 
perature which was above o r  near the me1 t i n g  p o i n t  t o  a temperature 
several hundred degrees lower. Thus, t h i s  cool i n g  r a t e  includes some 
surface so1 i d i  f i c a t i o n  and cool down. 
TABLE I 1 1  
MAXIMUM "AVERAGE" SPECIMEN TEMPERATURES - 
Specimen Teniperature ( O C) 
No. Materi a1 Il!F 
Ex ected 
Pinwheel Pinwheel 
Range 7ir'i- No. 2 
1 Tungsten St ing  - - - - - - 
2 Nickel S t ing  1450 1500 1500 
3 Nickel-12% T in  St ing  1220-1 370 141 0 ~ 1 5 5 5  
4 Nickel-1% S i l v e r  S t ing  1450 1380 ---_   
Nickel 
Nickel 
Nickel-1 2% T in  
Nickel-1% S i l v e r  
Nickel -30% Copper 
Nickel -30% Copper 
Nickel -1 % S i  1 ver 
Ni ckel -1 2% Tin 
Nickel 
Nickel-1 2% T in  
Nickel-1% S i l v e r  











Note: ---- indicates when viewing window was cleaned 
' t?  
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TABLE !V 
"AVERAGE" COOLING R A I  ES 
Time Between Cool i n_g 
I n i t i a l  & Second Temperature Rato 
Specimen Measurements ("C/sec) 
Mater i  a1 
-.- 
No. - (sec) 
N icke l  
N icke l  
Nicke l  
N icke l  
N icke l  
Nickel-1% S i l v e r  1-1 5 1375 1095 12 23 
Nickel-1% S i l v e r  2-8 1425 1310 10  12 
N icke l  -1 % S i  1 ver  2-1 1 1390 1210 7.5 24 
Nickel-1% S i l v e r  2-1 5 1410 1270 7 20 
Nickel-12% T i n  1-12 1280 865 20 21 
Nicke l  -1 2% T i n  1-1 4 1330 1060 18 15 
N icke l  -1 2% T i n  2-3 <I555 1075 17 < 28 
Nickel-12% T in  2-7 1350 1170 15 12 
N icke l  -1 2% T in  2-1 2 1390 1130 13 20 
Nickel-12% T in  2-1 4 1340 1165 14 13 
N icke l  -30% Copper 1-9 1260 905 12 30 
Nicke l  -30% Copper 2-9 1355 1105 11 2 3 
Nicke l  -30% Copper 2-1 0 1315 1005 9.5 3 3 
<d 
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The cool ing rates for the n icke l  were general ly  the highest, ranging from 
25 t o  50°C/sec. These rates were higher than others, presumably because 
the higher average temperature gives a greater  rad ia t i on  heat l oss  and 
perhaps because of the higher emi t tance o f  the specimen. The n ickel -1% 
s i l v e r  specimens had cool ing rates o f  20 t o  24OC/sec, w i t h  one value 
(Specimen 2-8) considerably lower. (Window fogging may have been s ign i -  
f i c a n t  i n  t h i s  s p e c i f i c  t es t . )  The nickel-12% t i n  specimens had coo l ing  
rates of 12-21°C/sec w i t h  one value (Specimen No. 2-3, s t ing- type)  con- 
siderably higher. This higher r a t e  may be the r e s u l t  of conduction down 
the s t ing .  The nickel-30% copper cool ing ra tes  were i n  the range o f  
23-33OC/sec, h igher  tharl the other a l loys ,  possib ly  due t o  the h igher  
conduction i n  the specimens. These res1:lts i nd i ca te  tha t  coo l ing  t o  the 
po in t  o f  surface sol  i d i  f f c a t i  on occurs d i  t h i n  several seconds a f t e r  the 
e i e t t r o n  beam i s  turned o f f .  
D. KC-1 35 AND GROUND-BASED SPECIMEN EVALUATIONS 
1, KC-1 35 Tra jectory Specimens 
Two specimens were evaluated from among those melted dur ing the KC-135 
t ra jec to ry  f l i g h t s  o f  the week o f  12 Ju l y  1972. The d e t a i l s  o f  these 
evaluations are given i n  a separate repor t . ($)  Specimen D was a Ni-Sn 
specimen t h a t  was only  p a r t i a l l y  me1 ted. Specimen 24 was a small po r t i on  
of a Star  J coba l t  a l l o y  specimen which had broken up i n t o  a number o f  
d r i ~ l e t s  upon melt ing. Neither specimen exh ib i ted  s o l i d i f i c a t i o n  be- 
rwvior  which could be a t t r i b u t e d  t o  low g rav i t y .  The primary purposes 
o f  these experiments were t o  r e f i n e  the hardward and techniques, develop 
specimen evaluat ion methods, and t o  make decisions as t o  which a l l o y  
w o ~ l d  be melted on the Skylab 112 mission. As has been mentioned above, 
the Star  J a1 l o y  was deleted from the l i s t  o f  candidates because i t  i s  
an ~ x t r e m e l y  complex system. The n i cke l  -5w/o a1 uminum specimens were 
evaluated by other  contractors, and t h i s  a l l o y  was deleted from the l i s t  
o f  c:,,:didates because o f  excessive vapor izat ion o f  the a1 uminum. 
7 .  EVALUATION OF GROUND-BASED SAMPLES 
Five samples were received which had been processed i n  the M512 f a c i l i t y  
on the ground. The sample numbers, nominal composition, and specimen 
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Several unusual s o l i d i f i c a t i o n  features were observed on some o f  these 
samples. .Thc;e are more appropr iate ly  discussed i n  the next  sect ion of 
t h i s  repor t ,  deal ing w i t h  Phase C, so t h a t  d i r e c t  comparisons can be made 4 -, 
with f l i g h t  specimer,~. 
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I V .  PHASE C - COMPARISON OF FLIGHT AND GROUND-BASED M553 SPECIMENS 
A. SUMMARY 
Five specimens me1 t e d  on the Skylab 112 miss ion were e v ~ l u a t e d  and com- 
pared t o  the  ground-based specimens.Arthur D. L i t t l e ,  Inc . ,  prepared a 
Phase C summary r e p o r t  de ta i  1  i n g  the  r e s u l t s  and differences between a1 1 
the pure n i c k e l  ground-based and f l  i ght  samples, and communicated i t s  
r e s u l t s  o f  eva luat ions o f  th ree  o f  the n i c k e l  a l l o y  f l i g h t  samples ,to 
the con t rac to rs  responsib le  f o r  each o f  the  th ree  respec t i ve  n i c k e l  a l l o y  
Phase C sumnary repor ts .  Conclusions on thermal ana lys is  , metal 1  oq!.aphy, 
chemistry, ~ h y s i c a l  p roper t ies ,  so l  i d i  f i c a t i o n  theory and phys ica l  corces 
were comnunicated t o  those con t rac to rs  responsib le  f o r  p repar ing  the  d i s -  
c i p l l n e  repor ts  on these subjects .  
I n  t h i s  sect ion, on l y  a  summary o f  the  more impor tant  d i f ferences between 
the ground-based and f l  i ght  samples wi 11 be presented, s ince  these eval  ua- 
t i o n s  have been descr ibed i n  d e t a i l  i n  the  var ious Phase C r epo r t s  pre- 
pared by the  M553 program con t rac to rs .  
Pure n i cke l ;  A r thur  D. L i t t l e ,  Inc., Ref. 3  
Nicke l - lw/o s i l v e r ;  Un i ve rs i t y  o f  Connecticut, Ref. 5 
Nickel-12w/o t i n ;  Grumnan Aerospace Corp., Ref. 6 
Ni  &e l  -30wIo copper; Georgia I n s t i t u t e  o f  Technology, Ref. 7 
F ive samples process on the Skylab 112 miss ion were evaluated by Ar thur  D. 
L i t t l e ,  Inc.: 
SL-1.4 Nickel-12w/o t i n  
SL-1.12 Nicke l - lw/o s i l v e r  
SL-2.2 Pure N icke l  
SL-2.6 Pure N icke l  
SL-2.7 Nickel  -12w/o t i n  
B . PRINCIPAL DIFFERENCES BETWEEN FLIGHT AND GROUND-BASED SAMPLES 
1 .  Independent Surface Nucleat ion and Growth Events 
Local ized areas o f  two-dimensional s t r u c t u r e  were observed f o r  many o f  
the  specimens and f o r  a t  l e a s t  one specimen o f  each o f  the  four mater ia ls .  
These areas genera l l y  occurred a t  the end o f  the specimen opposi te  the  
s t i n g  and represented a v a r i e t y  o f  morphologies. They usual l y  represented 
areas o f  much f i n e r  s t r u c t u r e  than the remainder o f  the  specimen surface. 
It has been pos tu la ted  t h a t  these were regions which nucleated and grew 
independently as a r e s u l t  o f  r a d i a t i o n a l  heat  loss .  I n  the case o f  the 
a l l oys :  t h i s  coo l i ng  was abet ted by vapor iza t ion  o f  the a i l o y i n g  elements. 
For the  a l l oys ,  these "cap" regions were s i m i l a r  i n  bo th  t he  ground and 
f l i g h t  samples. Typica l  examples f o r  the  a l l oys ,  a l l  around samples, 
are shown i n  Figures l a  (nickel-12\v/o t i n ) ,  F igure 1b (nickel-30wIo 
copper) and Figure 2a (n i cke l - lw /o  Ag, i n  cross sec t ion) .  I n  t he  case 
o f  the n icke l - lw /o  s i l v e r  specimen, considerable coarsening o f  t h e  cap 
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Figure l a  Cap Area on Surface o f  Nickel-Tin Gmund Specimn 2 -14 
SEM 115X 
Flgure 1b Cap Area on Surface o f  Nlckel-Copper Ground Speclmn 2-9 
SEM 50X 
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T Figure 2a Cmsr Section b .  Yjckel - S i  1 ver Ground Specimn 2-8 
Showing Cap 12.7X 
1' 
Figure 2b Typical Two Dimensional Surface Dendrites on P u r e  
fli ckel Ground Specimen 2-6 SEM 25X 
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reg ion has occurred which was n o t  ev iden t  i n  the  topographical  examination. 
Shown i n  F igure 2b i s  a  t y p i c a l  surface topography f o r  a  pure n i c k e l  ground 
sample, cons i s t i ng  of r e l a t i v e l y  l a rge  two-dimensional dendr i tes .  However, 
th ree  ou t  of the s i x  pure n i c k e l  f l i g h t  specimens evaluated had l o c a l i z e d  
areas of much f i n e r  s t r uc tu re ,  s i m i l a r  t o  t h a t  observed on both the ground 
and f l i g h t  a l l o y  specimens bu t  n o t  observed on any ~f the  pure n i c k e l  
ground specimens, Two of  these specimens were eva lcated by Georgia 
I n s t i t u e  o f  Technology. Specimen SL-1.9 has a  cap cons i s t i ng  o f  a mix- 
t u r e  o f  f i n e  equiaxed g ra ins  surrounded by a  r i n g  o f  f i n e  dendr i tes .  
Specimen SL-2.5 appears t o  have a  cap cons i s t i ng  e n t i r e l y  o f  e x t r ~ m e l y  
f i n e  dendr i tes .  Specimen SL-2.6 .was evaluated by Ar thur  D. L i t t l e ,  I nc .  , 
and has a  cap cons i s t i ng  e n t i r e l y  of f i n e  equiaxed gra ins,  Figures 3a 
a,id 3b. It has been pos tu l  ated t h a t  these f i n e  g r a i n  areas a re  ch i  11 
areas r e s u l t i n g  from l oss  o f  r a d i a n t  heat  lead ing  t o  independent ,surface 
nuc leat ion.  Despite the  f l  i g h t  f i l m  evidence o f  cons iderab le  t u r l ~ u l e n c e  
and f l u i d  f low, i t  may have been enough l ess  tbsn  t h a t  f o r  the gr13und 
specimens t o  permi t  thf; ;henomenon t o  occur on th ree  o u t  o f  t h e  s i x  
pure n i cke l  f l i g h t  samples. 
2. Bulk Macroporosi t y  
Bulk o r  i n t e r n a l  macroporosi t y  was observed by A r t hu r  D. L i t t l e ,  Inc. ,  
on two o f  the a l l o y  f l i g h t  specimens on a  sca le  much g rea te r  than t h a t  
observed on any o f  t h e  ground specimens. Cross sec t ions  o f  a  n i c k e l -  
1 w/o s i  1  ver  specimen (SL-1.12) and a  n i c k e l  -1 2w/o t i n  specimen (SL-2 .')) 
are shown i n  Figures 4a and 4b. This has beeid a t t r i b u t e d  by the Grumman 
Aerospace Corporat ion (Ref. 6) t o  non-equi l  i b r i  um s o l i d i f i c a t i o n  w i t h  
respect  t o  pressure such t h a t  a  gas phase i s  formed which leads t o  l a r g e  
spher ica l  voids. T e r r e s t r i a l  l y ,  t h e  l a rge  dens i t y  d i f f e r e n c e  between 
the 1  i q u i  d  and the  vapor would r esg l  t i n  the vapor be ing emi t ted.  How- 
ever, i n  zero g r a v i t y  t h5 re  i s  no such dens i t y  d i f f e r e n c e  and the vapor 
i s  trapped. 
C. CRITIQUE OF EVALUATION TECHNIQUES 
The m a j o r i t y  o f  the eva lua t ion  techniques used t o  make t h e  specimen evalua- 
t i o n s  l i s t e d  i n  Table I 1  prov ided use fu l  i n fo rmat ion .  However, some 
proved l ess  usefu l  o r  prov ided ambiguous r e s u l t s ,  and comment on these 
i s  inc luded  here f o r  the  purposes o f  f u t u r e  s i m i l a r  experiments which 
might  be performed. 
1. P re fe r red  Or i en ta t i on  by Laue X-ray Mapping 
The depth o f  pene t ra t ion  o f  t he  beam (approximately 0.10 mn) was t oo  
g rea t  t o  analyze t he  m a j o r i t y  o f  the sur face e f f e c t s  seen. Moreoever, 
the Xrays i n  most cases r e f l e c t e d  r e c r y s t a l l i z e d  s t r uc tu res  i n  t he  bu l k  
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Figure 3a Fine Equiaxed Grain Cap on Pure Njckel F l i g h t  
Specimen SL-2.6 25X 
Flgure 3b F ine Equiaxed Grain Cap on Pure Nickel  F l  l g h t  
e m ~ r  JP - i men St-2.6 120X 
Figure 4a Gross Macroporosi t y  1 n Nickel - S i  1 ver Fl i ght 
Specimen SL-1.12 1 OX 
Flgure 4b Eross'Macroporosity in Nickel-Tin Flight 
Specimen SL-2.7 lQX 
21 
Arthur D httle Inc 

V.  REFERENCES 
1. Johnson, P h i l i p  C., Peters,  Edward T. and Wechsler, A l f r e d  E., 
"Preparat ion of Ground-Lased Study Plan - Skylab M553 Experiment- 
Phase A Report," Cont ract  NG. NAS8-28723, ?.rthur D. L i  tt re, Inc. ,  
Cambridge, Massachusetts, August 21 , 1971. 
2. Johnson, P h i l i p  C., Peters,  Edward 7 .  and :sr ,  A l f r e d  E., 
"M553 Sphere Forming Experiment-Phase B Re . ,  " Contract. IJo, NAS8- 
28723, A r t hu r  G. L i t t l e ,  Inc., Cambridge, P , t luset ts,  J u l y  1973. 
3. Johnson, Phi 1 i p C. and Peters ,  Edward T. , 9 5 5 3  Sphere Formi ny 
Experiment-Phase C Report - Pure N icke l  Eva1 uat ions ," Contract  
No. NAS8-28723, Ar thur  D. L i t t l e ,  IPC., Cambridge, Massachusetts, 
December 1973. 
4 .  Johnson, P h i l i p  C.  and Peters,  Edward T., "M553 Sphere Forming 
Experiment-Characteri za t i on  o f  Spheres Formed During the KC-1 35 
F l i g h t s  of t he  Week o f  12 J u l y  1972," Cont ract  No. NAS8-28723, 
A r t hu r  D. L i t t l e ,  Inc. ,  Cambridge, Massachusetts, 30 October 1972. 
5. Kattamis, Theo Z., " I n v e s t i g a t i o n  o f  S o l i d i f i c a t i o n  i n  Zero- 
Grav i t y  Fnvi  ronment; M553 Sphere Forming Experiment-Nickei - 
S i l v e r  A l l o y  Evaluation," Cont ract  No. NAS8-28734. U n i v e r s i t y  
o f  Connecticut, 4 December 1973. 
6. Larson, David J. J r .  , and L i  , Chou H. , "Research Study on 
Ma te r i a l s  Processing i n  Space Experirnent No. M512 - Summary 
Report - Nicke l -12 wt% T i n  A l l o y  Evaluat ion,"  Grumman 
Aerospace Corporation, Bethpage, Long I o l  and, 3 December 1973. 
7. Hubbard, J.L., Johnson, J.W., and Brown, J.L., "Charac te r i za t ion  
of Nickel-Copper A l l o y  Specimens Processed as a P a r t  o f  t he  M553 
Sphere io rm ing  Exper i~nent Dur ing t h e  Skylab 112 F l  ight , "  Cont ract  
No. NAS8-28735, Ana l y t i ca l  Ins t rumenta t ion  Laborator ies  , Engineer- 
i n g  Exneriment S ta t ion ,  Georgia I n s t i t u t e  o f  Technology, A t lan ta ,  
Georgi a 30332, December 1973. 
). 
Arthur 1) l ~ttle lnc 
